Abstract The 7075-T6 Al alloy was processed by accumulative roll bonding (ARB) up to five passes by a 3:1 thickness reduction per pass at 300, 350 and 400°C. Microscopical examinations revealed that the particle distribution varies with the processing parameters. As a consequence, the particle pinning effect decreases with increasing processing temperature and the number of ARB passes. For this reason, the evolution of grain structure with the number of passes is different for each processing temperature, and the superplastic properties are determined not only by the microstructural features before deformation, but also by the alloy thermal stability. The best superplastic properties are attained by the sample processed up to three passes at 300°C, obtaining elongations to failure in excess of 200 %. Finally, ARB processing at high temperature leads to a decrease of hardness with respect to the peak-aged asreceived alloy, especially with increasing number of passes and with decreasing processing temperature, due to the variation of the interparticle mean spacing and the amount of solute atoms.
Introduction
It is well established that mechanical properties of metallic materials are very sensitive to the grain size. On one hand, a reduction of the grain size increases the yield stress of a material at room temperature according to the Hall-Petch relationship [1, 2] . On the other hand, very small grains lead to a good superplastic behaviour at high temperature and relatively high strain rates [3, 4] , especially interesting for the automotive industry where quick production rates are required [5] . Accumulative roll bonding (ARB), based on the principles of severe plastic deformation and developed by Saito et al. [6] , is a very effective method of achieving microstructures with a grain size less than 1 lm in metallic materials [7] , exhibiting superior mechanical properties over their coarse-grained counterparts [8] . Moreover, from an industrial point of view, ARB processing is very promising because it is suitable for the production of sheet metals and can be easily implemented from standard rolling [9, 10] .
In ARB, the surfaces of the strips to be joined are cleaned. Then, the strips are stacked. After stacking, the specimen is roll bonded by severe rolling. The rolled specimen is cut into pieces, and the above mentioned procedure is repeated several times [11] . Rolling is usually performed at elevated temperature to improve bonding and material workability [12] . Moreover, high temperatures enhance recovery [13] , which usually plays a primary role in the microstructural refinement process during ARB [7] . However, high temperatures may also promote the coarsening and/or the dissolution of the second-phase particles, which may strongly influence the microstructural evolution and thus, the resulting mechanical properties.
The 7xxx series aluminium alloys based on the Al-ZnMg-Cu system are potentially the strongest among the wrought aluminium alloys [14] . These high strength Alalloys contain a large amount of second-phase particles [15] , often classified as soluble and insoluble particles [16] . For example, there will be precipitates related to the age-hardening phases that coarsen and then dissolve with increasing temperature up to and beyond the solvus temperature [16, 17] . In the 7075 alloy, MgZn 2 precipitates are formed at ageing temperatures below 200°C, whereas Al 2 Mg 3 Zn 3 precipitates form at higher temperatures [14] . Moreover, in the 7075 alloy along with many other Al-ZnMg-Cu alloys containing more than 1 % copper, CuMgAl 2 precipitates are also formed [14] . In addition to such precipitates, dispersoid particles and constituent phases, which are soluble only in the liquid and remain unchanged at high temperature [14] [15] [16] [17] , are also present. The dispersoid particles are in the appropriate size and volume fraction to hinder recrystallization and to play an essential role on grain and subgrain pinning [14, 16] . These particles in the 7075 alloy include Al 12 Mg 2 Cr and Al 18 Mg 3 Cr 2 [14] .
In this study, a commercial 7075-T6 Al alloy was subjected to five passes of a 3:1 thickness reduction per pass ARB process. Three different processing temperatures were used: 300, 350 and 400°C. The aim of the present study is to determine the role of the particles, affected by the processing temperature and the number of ARB passes, on the microstructure, hardness and superplastic properties at high strain rate and low temperature.
Material and experimental procedure
The material used for the present study was a 2 mm thick sheet of the commercial 7075 aluminium alloy in the T6 condition. The chemical composition is shown in Table 1 . Microstructural examinations made by optical microscopy (OM) showed a fully recrystallized microstructure composed of pancake-shaped grains of dimensions 60 9 47 9 4 lm 3 ( Fig. 1) . Orientations characterization by X-ray diffraction showed a pronounce cube texture with some scatter along the rolling direction (RD). From the as-received alloy sheet two pieces with dimensions 2 9 30 9 180 mm 3 were cut, cleaned with methyl ethyl ketone, put one on top of the other and fastened with steel wires. The resulting 4 mm thick specimen was held for 5 min at the processing temperature in a preheated electric furnace and immediately afterwards rolled to a thickness reduction of 3:1, equivalent to a true strain of 1.1, by a single rolling pass. The true strain (e) was calculated as -ln(h 0 /h), where h 0 and h are the initial and the final thicknesses of the rolled specimen, respectively. Rolling was performed in non-lubricated conditions using a twohigh mill with a roll diameter of 131 mm and a peripheral roll speed of 346 mm/s. Immediately after rolling, the resulting 1.33 mm thick specimen was water quenched. Then, it was divided in three identical pieces before the next ARB pass. From that moment on, the procedure described above was repeated several times maintaining the rolling direction. Three different processing temperatures were used: 300, 350 and 400°C. The ARBed samples were designated by a prefix indicating the number of passes (N) followed by the processing temperature (T p ). Hence, the 3p-300 sample was processed at 300°C up to three passes.
The microstructure of the ARBed samples was characterized in a section located at a depth of 40 % from the surface by transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD). The TEM studies were carried out in a JEOL JEM 2000 FX II microscope operating at 200 kV. For TEM investigations, discs of 3 mm diameter extracted from the ARBed samples were thinned to perforation using a twin-jet electropolishing facility with a solution of 30 % nitric acid and 70 % methanol at 15 V and -25°C. The EBSD mapping was conducted in a JEOL JSM 6500 F field emission gun (FEG) scanning electron microscope (SEM) operating at 20 kV with a working distance of 15 mm and a step size of 80 nm. Data acquisition and analysis were performed using the commercial Channel 5 software. Because of the limited In this article, the term crystallite is used to describe volumes separated from the neighbouring volumes by boundaries of any misorientation angle [18] . The mean crystallite size (d) of the ARBed samples was directly calculated from the TEM micrographs as the mean boundary spacing. The mean boundary misorientation angle (h) of the ARBed samples was calculated from the EBSD data. It should be remembered that misorientation angles less than 2°are not included in the EBSD analysis. Therefore, this calculation will overestimate the true mean boundary misorientation angle [19] .
Vickers microhardness tests were performed at room temperature using a Matsuzawa Seiki MHT-1 machine with a pyramidal indenter having a square base and a load of 10 g for 15 s. Indentation tests were made in the longitudinal-transverse section along the normal direction (ND) covering the whole thickness. It was important to keep a distance of about three times the average diameter of indentation between successive indentations to avoid having their deformation zones interfere with each other and therefore to obtain anomalous results. The specimens for hardness evaluations were mounted and then ground and polished.
Tensile specimens with a gauge length of 10 mm and cross-section of 3 9 1.33 mm 2 were electrodischarge machined from the as-received sheet and the ARBed samples with their tensile axis perpendicular to the rolling direction. Uniaxial tensile tests were performed at 250, 300 and 350°C using a Servosis ME 405/10 and an Instron 1362 testing machine with an elliptical furnace provided with four quartz lamps. The specimens were pulled to failure with a constant rate of crosshead displacement giving an initial strain rate of 10 -2 s -1 . They were held at the testing temperature for 20 min before the tests and water quenched immediately afterwards. The true stress (r)-true strain (e) curves were calculated using standard expressions. From the curves, the elongation to failure (e F ) was determined. The surfaces of the tested specimens were examined in a HITACHI S 4800 cold FEG-SEM.
Results
TEM micrographs showing the evolution of microstructure with N for each processing temperature are displayed in Fig. 2 . It is observed that at 300°C (Fig. 2a-c) , the microstructure gradually evolves from a cell structure with a very high dislocation density (N = 1) to a structure composed of more misoriented boundaries and lower dislocation density (N = 5). At 350°C ( Fig. 2d-f ), a similar evolution is observed from N = 1 to N = 3. However, for N = 5 some diffuse boundaries and regions with a relatively high dislocation density appear. Finally, at 400°C (Fig. 2g-i) , the microstructure for every N is unexpectedly characterized by cells separated by thick walls containing a high dislocation density and dislocation tangling zones within.
Different particle size distributions are observed in the TEM micrographs of Fig. 2 . It is important to note that, for the same N, the mean particle size increases with increasing T p and, for a given T p , the mean particle size increases with increasing N. To confirm the particle growth with processing temperature, an inspection at higher magnifications on the ARBed samples was conducted. Figure 3 shows three different samples processed up to three passes at 300, 350 and 400°C, respectively. The Cr-rich black dispersoids have variable morphologies: rod, triangular and spherical [20] , and remain approximately invariant with the increasing processing temperature by virtue of their high thermal stability [14] [15] [16] [17] . In contrast, the white particles correspond to the Mg-Zn-rich precipitates. These particles are responsible for the high strength of the 7075 Al alloy in the T6 temper condition. The micrographs of Figs. 2 and 3 show that, in general, these particles coarsen with increasing temperature. These Mg-Zn-rich precipitates start to dissolve at 260-271°C [21] and so the smallest white particles might partly correspond to re-precipitation from solid solution during cooling after the rolling steps [16] , especially in the samples processed at 400°C.
Plots of mean crystallite size obtained from TEM micrographs That is, an inverse dependence of crystallite size with processing temperature is observed only for N = 1. A general trend could not be established for the other N values. It is worth noting that the decrease in grain size with increasing N at 300°C is the usual behaviour of most alloys processed by ARB or ECAP. The behaviour observed in this figure should be attributed to the different evolution of the microstructural parameters with N at every processing temperature, as shown in Fig. 2 . Figure 5 presents EBSD maps of ARBed samples. Nonindexed points are shown as black pixels. The colours in the EBSD maps represent the crystallographic directions parallel to the ND of the samples. The correspondence between the colours and the crystallographic directions is indicated in the standard stereographic triangle shown in the picture. LABs and HABs are depicted as grey and black lines, respectively. Figure 5a -c reveals that, at 300°C, a progressive evolution from a microstructure mainly comprising boundaries with misorientation below 2°to a microstructure mainly comprising HABs takes place. At 350°C (Fig. 5d-f) , a similar evolution is observed from N = 1 to N = 3. For a higher number of passes, the fraction of HABs decreases at the expense of an increment in the fraction of LABs. In the case of T p = 400°C, only the 3-passes sample was examined by EBSD (Fig. 5g) because all samples showed the same coarse microstructure with cells in the grain interiors. Fragments of grey lines in the picture reveal that, unexpectedly, this sample is characterized principally by cell walls, with misorientations below 2°, and LABs.
In general, green and pink tones predominate in the maps. This is consistent with an aluminium rolling texture com- Plots of h obtained from EBSD maps versus N for each T p are shown in Fig. 6 . It can be observed that, at 300°C, h increases from 108 for N = 1 to 338 for N = 5. At 350°C, h increases from 15°for N = 1 to 308 for N = 3, but then drops to a value of 22°for N = 5. In the case of the 3p-400 sample, h exhibits a value as low as 6°. Qualitative measurements conducted by TEM revealed that the misorientation for the 1p-400 sample was slightly higher than the one observed in the 3p-400 sample. Note that, for N = 1 and N = 3, h is higher for T p = 350°C than for T p = 300°C. However, for N = 5, h is higher for T p = 300°C than for T p = 350°C. Also note that, for N = 3, the lowest value of h corresponds to T p = 400°C. Again, the different behaviour at each temperature should be attributed to the different evolution of the microstructural parameters with N, as shown in Fig. 2 . Particle coarsening and dissolution of precipitates are the two factors that will be analysed in the discussion section. The variation of Vickers hardness with N at each T p is shown in Fig. 7 . For comparison, the hardness of the asreceived material is also included in this plot. It is clear that the hardness of the ARBed samples is always lower than that of the as-received material, i.e. the 7075 Al alloy in the T6 condition (*182 HV). Since the strength of a peakaged material normally decreases with thermal treatments involving increasing time and temperature, it would be expected that the hardness of the 7075 Al alloy processed by ARB decreases with increasing T p . However, the opposite is observed in Fig. 7 , and the hardness values of the processed alloys are around 100, 120 and 130 for the processing temperatures of 300, 350 and 400°C, respectively. The figure also shows that the hardness decreases slowly with increasing N for every T p . Figure 8 shows the effect of testing temperature on elongation to failure, as a measure of ductility, of the asreceived material and the 3p-300, 3p-350 and 5p-300 samples at an initial strain rate of 10 -2 s -1 . It is observed that, in general, ductility increases with increasing testing temperature and the ARBed samples show much higher ductility than that of the as-received material at each testing temperature. However, it should be noted that the 5p-300 material shows lower ductility at 350°C than at 300°C, which is attributed to the coarsening of the microstructure, as it will be discussed later. The highest ductility of 206 % is obtained for the 3p-300 sample tested at 350°C. Figure 9 reveals the gauge section surface of the tensile specimens corresponding to the 3p-300 (Fig. 9a) , 3p-350 (Fig. 9b ) and 5p-300 (Fig. 9c ) samples tested at 300°C. It clearly shows surface grains moving apart due to grain boundary sliding (GBS), the deformation mechanism responsible for superplasticity, for the three specimens. It is apparent that the microstructure of the ARBed samples coarsen during the tests, especially for the 5p-300 sample. It should be noted that before the tests, the 3p-300 and the 3p-350 samples exhibit similar crystallite mean sizes and the 5p-300 sample exhibits a crystallite mean size finer than these two samples. However, after the tests, the grain size of the 3p-300 sample is finer than that for the 3p-350 sample. So, thermal stability of the 3p-300 sample is higher than that of the 3p-350 sample and much higher than that of the 5p-300 sample. This means that thermal instability of ARBed samples increases with the increasing T p and N. It is also clear that the microstructure of the ARBed samples remains equiaxed during the tests, which is also indicative of GBS.
Discussion
In the present investigation, the 7075 Al alloy was accumulative roll bonded at three different temperatures. At This behaviour reveals the occurrence, during the ARB process, of continuous recrystallization, in which static and dynamic recovery plays a relevant role [22] . In contrast, at 350°C, a remarkably increment of heterogeneity is observed from N = 3 to N = 5 (Figs. 2, 5 ) while the microstructure does not refine further (Fig. 4) . Moreover, at 400°C, the microstructure contains very low misoriented boundaries and remains notably heterogeneous during the whole processing (Figs. 2, 5 ). Such behaviours indicate that, when processing at 350 and 400°C, the alloy is affected, during the inter-pass annealing stages, by discontinuous recrystallization, promoted by the energy stored in the material. This recrystallization process leads to large new strain-free grains [23] , where a ''fresh'' substructure will be introduced during the subsequent rolling pass. This occurs, particularly, for N C 3 at T p = 350°C and for N [ 1 at
The important variable controlling thermal stability of the ultra-fine grained deformed materials is the boundary mobility which, in agreement with the above results, increases with increasing temperature [24] . The boundary mobility may be reduced by particles exerting a pinning force on the boundaries and this may have a profound effect on the alloy thermal stability [25] . The effect is known as Zener drag after the original analysis by Zener and the publication of Smith [26] . The pinning force exerted by a volume fraction F V of randomly distributed spherical particles of radius r on a boundary of specific energy c, commonly known as Zener pinning pressure P Z , is given by:
According to Eq. (1), the magnitude of the pinning force is strongly dependent on r and F V , in such a way that it decreases with the increasing r and with decreasing F V .
A clear increase of particle size with the increasing T p and N was revealed in Figs. 2 and 3 . Moreover, as it has been previously mentioned, the Mg-Zn-rich precipitates start to dissolve at 260-271°C [21] . So, the volume fraction of particles decreases with the increasing T p and N. These two factors lead to a reduction of the particle pinning effect and, thus, to an increase of thermal instability with increasing T p and N. This increase facilitates discontinuous recrystallization during the inter-pass annealing stages with increasing T p and N.
As a consequence, the evolution of the microstructural parameters with N is totally different for each T p (Figs. 2,  4, 5, 6 ). At 300°C, d gradually decreases and h gradually increases with increasing N, reaching 424 nm and 19°, respectively, for N = 3 and 355 nm and 33°, respectively, for N = 5. However, at 350°C, d remains close to 440 nm during the processing and h exhibits a maximum of 30°for N = 3. Lastly, at 400°C, d gradually increases and h gradually decreases with increasing N, reaching 433 nm and 6°, respectively, for N = 3. It is worth noting that solute atoms retard recovery by hindering dislocation motion. Since solute atoms should be present in the matrix of the 400°C processed samples, they have an influence on the low h values for the samples processed at such temperature. Moreover, the higher presence of solute atoms with increasing T p would explain the reduction of d with increasing T p for N = 1.
As it is common for an age-hardenable alloy, the influence of particles and solutes is also reflected in the values for hardness shown in Fig. 7 . In this way, despite having higher dislocation density and/or finer (sub)grain size, the ARBed samples are much softer than the asreceived material. This is attributed to the global coarsening of particles during the ARB process with respect to the as-received state. Figure 7 also shows that, at every N, the hardness of the ARBed samples increases with increasing T p . This trend shows no correlation with the evolution of d with T p , observed in Fig. 4 , or with the increment of the interparticle mean spacing (proportional to the particle mean size and inversely proportional to the volume fraction) with increasing T p , shown in Figs. 2 and 3 . However, it is fully consistent with the higher amount of atoms in solid solution with increasing T p .
Furthermore, Fig. 7 shows a decrease of hardness with increasing N at each processing temperature. Again, this behaviour cannot be attributed to the evolution of d with N or T p . However, it is fully consistent with the increment of the interparticle mean spacing with increasing N, as shown in Fig. 2 . Figures 8 and 9 reveal the characteristics of superplastic behaviour for some of the ARB processing conditions determined by tensile tests at high temperature and an initial strain rate of 10 -2 s -1 . The results are consistent with the higher ductility of the ARBed samples with respect to the as-received material as a consequence of the finer microstructures. The relative values of e F for the ARBed samples show that particles contribute to thermal stability and are of prime importance for the creep properties of the ARBed samples.
The constitutive relationship for GBS in fine-grained alloys can be expressed as follows [4] :
where _ e is the strain rate, A is a constant, b is Burger's vector, L is the grain size, p is the grain size exponent, r is the flow stress, E is Young's modulus and D is the diffusion coefficient. Equation (2) predicts that, at a constant strain rate, a decrease in grain size will in principle result in a reduction of the flow stress. Figure 8 shows the non-superplastic character of the asreceived samples. This is clearly attributed to its microstructure since the grains are coarse, larger than 20 lm, and elongated. In contrast, the microstructures of the processed materials are equiaxed and much finer. So, the grains may slide relative to one another. An important additional condition for GBS is the misorientation among grains since only highly misoriented boundaries slide [3] . An increase in the mean boundary misorientation angle will in principle result in a concomitant increment in ductility due to GBS. Therefore, taken into account only the ARB processed microstructures considered in Figs. 2, 4, 5 and 6, it would be expected that superplastic properties of the 3p-350 and 5p-300 samples were superior to those of the 3p-300 sample.
However, the 3p-300 sample exhibits better superplastic properties and a wider range of superplastic temperatures than the 3p-350 and 5p-300 samples, as shown in Fig. 8 . In fact, e F = 204 % was registered for the 3p-300 sample at 350°C, while for the 3p-350 sample e F = 157 % at the same temperature and for the 5p-300 sample, e F exhibits a maximum of 155 % at 300°C. This is attributed to the elevated particle pinning effect, which maintains a fine microstructure, and it is corroborated in Fig. 9a .
The 5p-300 material, at a testing temperature of 300°C, gives a high ductility, although the microstructure coarsens faster in relation to those of the 3p-350 and the 5p-300 samples, showing less thermal stability. At the highest testing temperature the microstructure is no longer stable, as reflected in the decrease of e F in Fig. 8 .
Summarizing, the obtained superplastic behaviour can be rationalized in terms of microstructural refinement and thermal stability of the ARB-processed alloys. Considering that the particles volume fraction decreases with increasing T p and the mean particle size increases with T p and N, there is a reduction of the particle pinning effect and, thus, of the thermal stability of the ARBed samples with increasing T p and N. This decrease of microstructural stability occurs both initially during processing and, finally, during tensile testing at high temperatures.
Conclusions
The 7075 Al alloy was severely deformed by an ARB process at 300, 350 and 400°C. This study evidences that particles play a significant role on the alloy microstructure and mechanical properties. Particularly, the microstructural and mechanical characterization makes it possible to extract the following conclusions:
1. At 300°C, the boundary mobility is low and coarsening of precipitates is limited, so that the particle pinning effect is elevated. Thus, the alloy is mainly affected by static and dynamic recovery. This promotes a gradual evolution from the initial coarsegrained structure to an ultra-fine microstructure with mean crystallite size of 350 nm and mean boundary misorientation of 33°after five passes. 2. At 350°C, the boundary mobility is high as well as the coarsening of precipitates; thus, the particle pinning effect is limited. Hence, the alloy is affected by discontinuous recrystallization during the inter-pass annealing stages after the third pass. For this reason, mean crystallite size remains close to 440 nm during the processing and mean boundary misorientation angle reaches a maximum of 30°after the third pass. 3. At 400°C, the boundary mobility is very high, and there is dissolution and rapid coarsening of precipitates, and so the particle pinning effect is very poor. Therefore, the alloy is affected by discontinuous recrystallization during all the inter-pass annealing stages, leading to poorly misoriented microstructures with high dislocation density after ARB processing. Mean crystallite size and mean boundary misorientation angle reach, respectively, 430 nm and 6°after three passes. 4. The hardness of the processed samples is smaller than that of the as-received material and decreases with increasing number of ARB passes due to the increment of the interparticle mean spacing. Moreover, it increases with increasing processing temperature due to the higher amount of solute atoms in the matrix. 5. The particle pinning effect and, thus, the thermal stability of the sample processed up to three passes at 300°C is higher than those of the samples processed up to three passes at 350°C and up to five passes at 300°C. Hence, despite having a slightly coarser and less misoriented microstructure in the as-processed state, it exhibits superior superplastic properties in a wider range of temperatures, achieving an elongation to failure of 204 % at 350°C and 10 -2 s -1 .
